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Abstract 


Power electronics equipments converts power from one form to the other, as re- 
quired by the consumer, with ease of control and high efficiency. These equipments are 
used in various applications. These P.E. equipments have inherent non-linear char- 
acteristics, introduce harmonics into the source and consume reactive power. -In this 
thesis shunt active filter is analyzed in detail to eliminate these unwanted harmonics 
of the source and to compensate the reactive power of the load. A three level inverter 
is discussed, which with the control circuit acts as an active filter. The three level in- 
verter has the advantage that switches with low power ratings can be used, hence one 
can use high frequency switches. The load currents are sensed and command currents 
for the active filter are generated, which would make the source currents sinusoidal. 
Using various controllers the active filter current is forced to follow these command 
currents. Thus the source only provides the real power, harmonics and reactive power 
are provided by the active filter. Active filter has been discussed both for balanced 
and unbalanced loads. In the end active filter is tested for various types of non-linear 
loads. The active filter is found to be effective in eliminating the harmonics of the 
source and improving the source power factor to unity. 
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Chapter 1 
Introduction 


1.1 General 

Electrical power is processed by power electronics equipments to change it from one 
form to other as required by consumer. These power electronics equipments are widely 
used in comparison to the traditional one, as they provide higher efficiency and ease of 
control. With the recent advances of power electronics [1], more and more innovative 
circuits are being developed. There are devices with high power ratings and high 
switching frequency, and high speed micro-electronics chips to control them. These 
P.E. devices have an inherent characteristic of introducing harmonics into the source, 
thus making the source current non-sinusoidal. These power electronics devices also 
consumes reactive power thus decreasing p.f of the source. Non-sinusoidal source 
currents have various effects [2, 3, 4]. 

1. Distortion in the supply as current harmonics results in voltage harmonics. 

2. Malfunction of sensitive electronic equipment. 

3. Increased losses. 

4. Inefficient use of energy. 

5. Low input power factor. 

6. Devices are used at a lower value than their rating. 
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Traditionally passive filters were used to remove these unwanted harmonic distortions 
These passive filters are the filters tuned to the frequency of the harmonics to be 
removed. These have several disadvantages [4, 5]. 

1. Large in size weight and volume. 

2. As both harmonic and fundamental flow into the filter the capacity of the filter 
must be rated taking into account both the currents. 

3. They are tuned to remove specific frequency components thus providing fixed 
compensation. 

4. At specific frequency parallel resonance occurs between source impedance and 
shunt passive filter, which is so called harmonic amplification. 

5. The passive filter may fall into series resonance with the power system so that 
voltage distortion produces excessive harmonic currents flowing into passive 
filter. 

Thus to overcome all these disadvantages of passive filters active filters [3 6] are 
proposed. Active Power Filters (APF) injects equal and opposite harmonics into 
the source, thereby canceling the distortion produced by the non-linear loads and 
making the source current harmonic free. It is capable of producing variable frequency 
component, thus can filter all the higher order harmonic component of the source 

Various types of active power filters have been discussed in the literature A shunt 
filter [7] is used to eliminate current harmonic. Voltage harmonic can be eliminated by 
using a series filter [8]. Unified power controllers [9] are also used to simultaneously 
eliminate both current and voltage harmonics, but they have the disadvantage of 
large weight and complex control. The active filter can be used with the passive 
filters to reduce cost and improve efficiency. These filters are known as hybrid filters 
[10]. Passive filters are used to reduce lower order harmonics where as higher order 
harmonics are eliminated by active filter. 

These filters are controlled in time domain or frequency domain [3], Compensation 
in frequency domain is based on the Fourier analysis of distorted voltage or current 
Complex calculations are used so the time response is large. The control in time 
domain is based on the principle of holding instantaneous voltages and currents 
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There are various control methods in time domain, (a) instantaneous ’p-q’ theory 
[11, 12], (b) sliding mode control [13], (c) peak source current estimation [14]. The 
advantage of harmonic correction in time domain is that the response is fast and it 
is easy to implement. 

The active filter currents can be controlled to follow the reference currents using a 
current controller. Different controllers can be used, some of the controllers discussed 
in the literature are (a) hysteresis current controller [15], (b) adaptive hysteresis cur- 
rent controller [18, 19], (c) predictive current controller [16, 17], (d) triangularization 
of error [20]. 

In this thesis a shunt active filter is used to compensate a non-linear power con- 
verter. Further a 3-level inverter [21], instead of conventional 2-level inverter, is pro- 
posed. The 3-level inverter can produce the voltage levels of +| , 0,— f , as compared 
to 2-level inverter which produces +§ and — |. Thus the terminal voltage waveforms 
have less harmonics content [21]. The other advantage is that each switch has to 
block the voltage equal to half the dc link voltage, so it can be used in high power 
applications with the same switching frequency [22], The harmonic correction is done 
in time domain using peak source current estimation. The steady state and transient 
behavior of two current controllers, hysteresis controller and predictive controller, 
have been studied. 

The active filter is simulated for various types of nonlinear loads. Various differ- 
ential equations defining the model of load (as given in appendix) and the model of 
active filter (as given in chapter 3) are solved using 4 th order R-K method with a 
program made in C code. The samples of currents and voltages are taken with a time 
step of l.lyLisec. The FFT package is used to determine the harmonic spectrum and 
TDH. 

1.2 Thesis Organization 

Chapter 1 deals with the introduction and briefly describes the 3-level inverter and the 
shunt active filter. The operation of the three level voltage source inverter is studied 
in detail in chapter 2. Its working as a current source, using hysteresis controller 
and space vector modulation is simulated. In chapter 3 the shunt active filter using 
three level inverter is discussed. The reference current is generated using peak source 
current estimation. Hysteresis current controller and predictive current controller are 
used to control the current of the inverter. The circuits for balanced and unbalanced 
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loads are discussed. In the end simulation results are presented for different loads 
and various control strategies. In chapter 4 the thesis work is concluded with the 
recommendations for future work. 



Chapter 2 


3-Level Inverter Configuration And 
Its Operation 

2.1 Introduction 

A three level voltage source inverter [21, 22, 23] is discussed in this chapter. Its 
working is explained with the switching strategy. Its output in time domain and 
as space vector are discussed. This inverter can be changed to current controlled 
mode using different current controllers. Hysteresis controller [15] and space vector 
modulation [25, 26] are discussed in detail. In the end the inverter is simulated in the 
current controlled mode. 


2.2 Inverter Configuration with Ideal Voltage Source 

The three level inverter with neutral point clamped is shown in the fig. 2.1. It consists 
of 12 switches with anti-parallel diodes (4 in each leg). The dc source is divided 
into two parts with ground as the center point, N. The junction of two switches is 
connected through a diode to point, N, e.g. junction of S a i and S a 2 is connected 
through D a i 2 .. There are six such diodes. Use of these diodes facilitates current flow 
in both directions. The three phase output is provided at points a, b and c. This 
inverter provides three level of voltages +^, 0 and — as compared to the 2 level 
inverter which provides and — The advantage of 3-level inverter is that high 
power levels can be attained with reduced harmonic content in the output voltage. 


5 
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2.3 Switching Strategy for the Inverter Switches 

The inverter provides output levels of +^, 0 and — by closing a combination of 
two switches in each leg. The output point ’a’ can be connected to by closing 
Sai and S a 2 , to N by closing S a 2 and S a z, to — ^ by closing S a 3 and 5 q4 . Similarly 
for other two phases. The use of diodes ensures that the output voltage level is 
independent of the direction of output current. 

Now we can define the output states of each leg by just three switching functions, 
S a , Sb, S c instead of 12 switches. The output state of each of the three functions can 
be defined as T’, ’0’ and ’-1’ according to the switching state of the 12 switches, as 
shown in table 2.1. 


Table 2.1: The inverter switching states. 


s a = 1 

V aN = v -t 

if S a \ and S a 2 are on 

s a = 0 

II 

0 

if S a 2 and S a3 are on 

s a = - 1 

v aN = -^ 

if S a 3 and S a 4 are on 

s b = 1 

V b N = ^ 

if S b i and S b 2 are on 

s b = 0 

& 

II 

0 

if S b 2 and S b z are on 

s b = - 1 

v bN = 

if S b 3 and S b 4 are on 

s c = 1 

Vc N=^ 

if Sa and S c 2 are on 

s c = 0 

0 

II 

is 

if S C 2 and S c3 are on 

S c = -1 

V* = 

if S c z and S c 4 are on 
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The switching strategy in table above ensures defined output voltages independent 
of the direction of output current. 

2.4 3-level Inverter Output in Time Domain 

Inverter output depends on the switching functions of the three legs. Thus output 
voltage can be defined in terms of the switching functions S a , S b , S c and the dc 
voltage, V dc . 

The pole voltages for different switching function are 


VaW = Sjf (2.1) 

V bN = Sb^f (2.2) 

V cN = (2.3) 

Phase voltages can be written as 

v m = V aN - V nN (2.4) 

Vbn ~ VbN ~ V n N (2-5) 


v cn = V cN - V nN ( 2 . 6 ) 

If the neutral point, n, is not grounded sum of output currents is zero. If the load 
is balanced this implies that V an + V bn + V cn = 0. Therefore from equation 2.4, 2.5 
and 2.6. 

V nN = ^[V aN + V bN + V civ ] • (2.7) 

Using equations 2.1 to 2.7 phase voltages can be defined as 

V an = ^{2S a ~ S b - S c ] (2.8) 

D 

V bn = ^f[-S a + 2S b -S c ] 


(2.9) 
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V cn = ^f[-S a -S b + 2S c ] (2.10) 

Switching states, S a , Sb, S c , are independent. Therefore 27 different values (of S a , 
Sb, S c ) are possible. However a particular phase voltage, e.g. V an , can attain only- 
nine different values of output voltage. Of these four are +ve, four are -ve and one 
is zero. As comparison to 2-level inverter which can attain a total of five levels of 
voltages. Table 2.2 shows the pole voltages and phase voltages for all 27 values of 
(S a , S b , S e ). 
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The inverter output pole voltages and phase voltages, for a sequence of switching 
functions, are shown in fig. 2.2. In this figure V a # is a single pulse of 150° width. 
This gives rise to a non zero V n n, as shown in fig. 2.2. The phase voltage V an , in this 
case has three positive three negative and one zero level. It can be shown that if V a ^ 
is square wave of 120° width instead of 150° the voltage, 1 4 at, goes to zero and phase 
voltage, V an , has only three levels 



Figure 2.2: Pole voltages, neutral voltage and phase voltages for a switching combi- 
nation. 
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2.5 Three Phase Four Wire Load 

In the inverter shown in fig. 2.1, the neutral point of the load n is shown to be isolated 
from point N. However it is possible to physically connect the nodes n and N. For 
such a case the voltage V n N is zero, therefore from equations 2.4, 2.5 and 2.6 the pole 
voltages V a N, Hv, V c n are equal to the phase voltages V an , Vbn,V c n . The pole voltages 
and switching functions shown in table 2.2 are valid in this case also. The" sum of line 
currents I a , I&, I c is not zero in this case and each phase operates independently. 

2.6 Inverter Output as a Voltage Vector in Complex 
Plane 

The inverter output does not vary smoothly, but varies in steps. There are 27 (3 3 ) 
combination of switches, giving 27 possible voltage values as shown in table 2.2. 

The pole voltage vector can be defined as 

V = 2 -{V a N 4- aVur + a 2 V cN ) (2.11) 

where a = e j2 ? . 

These 27 voltage values give voltage vectors distributed at different angles in the 
complex plane. The voltage vectors in the complex plane are shown in fig. 2.3. Table 
2.2 shows the possible combination of switches and voltage vectors. 

Fig. 2.3 shows the vectors distributed in the space. These can be grouped as 
follows. 

1. Six vectors (V5, Vg, V 13 , V 17 , V21, V25) of magnitude are distributed in space 
with 60° phase difference from each other. 

2. Six vectors (F 6 , Vio, V 14 , V 18 , V 22 , V 26 ) of magnitude distributed in space with 

60° phase difference from each other and the entire group shifted by 30° from 
the group of vectors of magnitude 

3. Twelve vectors (V 3 , V 4 , V 7 , V 8 , V n , V i2) Vi 5 , V 16 , V 19 , V 2 o, ^23, ^24) of magnitude 

in six pairs of coincident vectors of two each, distributed in space with 60° from 
each other. 

4. There are three zero vectors (Vo, Vi, V 2 ). 
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Figure 2.3: Inverter voltage vector in complex plane. 

In comparison the standard 2-level inverter has only six vectors distributed in space 
with 60° phase difference from each other, and two zero vectors. 

2.7 Operation as a Current Source Using Hysteresis 
Controller 

This voltage source inverter can be converted to a current source by connecting a 
large inductor in series with each phase. Current feedback and a hysteresis controller 
is used to force the output current to follow a reference current waveform by changing 
the output voltage. Here the three phases are controlled independently and in each 
phase a reference current, e.g. I are f , is set, and the corresponding inverter output 
current, e.g. I a , is forced to follow the reference current. A hysteresis window, h w , 
is created around the reference current and the current is regulated to be within the 
boundary of this window. The switching logic for phase ’a’ is as follows [27] . 

1. If I a > I are j + decrease the output voltage by changing switching function 
S a to the next lower level, i.e. if S a is switch it to '0' and if it is 'O' switch it 
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to ' - 1'. 

2. If I a < I are f — increase the output voltage by changing switching function 
S a to the next higher level, i.e. if S a is ' — V switch it to 'O' and if it is '0' switch 
it to 'l'. 


3. If Iaref + > I a > Iaref — -jf the output voltage and the switching function 

S a is not changed. 


Similar logic can be applied to phases ’b’ and ’c’. Thus the current follows the 
reference current with a peak to peak ripple of h w . 

2.7.1 Method of Simulation 


The inverter is simulated for R-L load shown in the fig. 
modeled by the following differential equations. 

2.1. The circuit can be 

V an = L^ + RiI a 
at 

(2.12) 

V bn = Li~ + Rih 

(2.13) 

+ 

ii 

(2.14) 


Where V an , Vb n , V cn are the inverter phase voltages, and their magnitude depends 
upon the switching function, as defined in equations 2.8, 2.9 and 2.10. 

To act as a current source, inverter current should follow a given reference current. 
The reference currents for each phases can be given as. 


II 

3 

03 

1— •» 

P 

C+. 

(2.15) 

Ib = Ism sin (ut - y) 

(2.16) 

Ic = Ism sin (^+ y) 

(2.17) 

Now the circuit is simulated with R = 2Q , L = .008H, Vdc — 

100V and I sm = 5A, 


Max / = 10 khz. 

The inverter currents I a , h, I c are compared with the reference currents /*, i£, I* 
respectively. Hysteresis controller is applied, as given in section 2.7, and the values 
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of switching functions are generated. The values of inverter currents I a , R, I c at the 
next sampling instant are calculated by solving the differential equations 2.12, 2.13 
and 2.14. 


2.7.2 Results 

Fig. 2.4(a) shows the current in phase ’a’ with the hysteresis band of .5 amp. and a 
reference current of 5 amps. Thus it can be seen that the current follows the reference 
within the boundary of hysteresis band. The currents in other phases are similar. Fig. 
2.4(6) shows the inverter phase voltage, V an . Thus it is clearly seen that the frequency 
is not constant. 
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2.8 Operation as a Current Source Using Space Vec- 
tor Modulation for Voltage Control 

Space vector PWM is based on the space vector representation of voltages in the 
complex plane. The inverter output is represented by 27 voltage vectors as shown in 
the fig. 2.3 and as discussed earlier. The modulation is based on the selection of the 
best vector or the combination of the vectors to give the required voltage. Thus in this 
scheme all the three phases are not controlled independently. There is one and only 
one best switching combination to obtain the required voltage. Various modulation 
schemes of three level inverter are given in the literature [22, 28] but here a simple 
approach is applied as explained below. 

A reference current vector, J re /, is set and the inverter output current vector, /, 
is calculated using the currents, I a , lb, I c which are sampled at a constant rate, ^ . 

7 =!(j a + a / 6 + a 2 J c ) (2.18) 

o 

This current is forced to follow I re f- 



The equivalent of three phase circuit shown in fig. 2.1, can be represented by 
a vector equivalent circuit as shown in fig. 2.5. It can be represented by a single 
equation. 

V(k) = + RI(K) (2.19) 

CLl 

V(k) and 7(k) are the inverter voltage vector and the inverter current vector at 
the A k t/l sampling instant. V(k), is the required voltage vector that would make the 
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current error vector ( I re f - I) zero. Equation 2.19 can be simplified as. 

V{k) = ^[Z7 f (k + 1) - 7(h)] + RI(k ) (2.20) 

V(k), is the voltage vector required, at the k th sampling instant, that forces the 
current vector to attain the reference current vector I re f(k + 1) at the next sampling 
instant. 

Space vector modulation is applied to get the required voltage vector V, as a 
combination of two inverter voltage vectors. The selection of inverter voltage vectors 
depends on the magnitude and angle of required voltage vector, V , as explained below. 



Figure 2.6: Components of voltage vector V in the direction Va and Vg. 


Angle, a, and the two inverter voltage vectors, Va and Vg, between which the 
voltage vector, V, lie are found, as shown in fig. 2.6. The conduction times Ta 
for vector Va, Tb for vector Vg and Tc for zero vector are calculated, that would 
approximate the total vector, V, on an average, during the sampling time T. 

v — IaYa ±1*Ye 

Let V x and V y be the components of V in the direction of vectors Va and Vg respec- 
tively, as shown in the fig. 2.6, therefore 


( 2 . 21 ) 


V = V s + V v 


( 2 . 22 ) 
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Magnitudes V x and V y can be calculated as. 


V y = 2 |V sin o: 

(2.23) 

/o 

V x = V cos a-^Vy 

(2.24) 

Thus from equations 2.21 and 2.22. 


b 

II 

£ 

(2.25) 

II 

b 

(2.26) 

T C = T- T A -T b 

(2.27) 


The above result can be directly applied to approximation of V by inverter vectors 
in fig. 2.6. However there are multiple vectors in the same direction, e.g. V3, V4 and 
V 5 . The selection of appropriate vector can be done by following criteria. 

1. The time T A + T B should be less than or equal to the sampling time T. 

2. The switching of devices in the inverter should be minimum. 



Figure 2.7: Components voltage vector of V in the direction V5 and V§. 

For e.g. The vectQr lies in between V$ and V$, as shown in fig. 2.7. There are two 
more vectors, V3 and V4, in the direction of V 5 , so only one of these is to be selected. 
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V x and V y are the components of vector V in the direction of V 5 and V e respectively. 
Their magnitudes are calculated similarly from the equations 2.23 and 2.24, Ta, Tb 
and Tc are calculated as. 


T a = 



(2.28) 


T b = 



(2.29) 


T c = T-T a -T b 


(2.30) 


If Ta + Tb < T, V 3 or V 4 is to be selected. 

If Ta 4- T B > T, V 5 is selected, T B remains the same but T A is recalculated as. 


T a = 



(2.31) 


Tc — T — Ta — Tb (2.32) 

V 3 and Vi are equal vectors, so the state corresponding to any of them can be 
selected. The choice depends upon the minimum switching required to move to the 
vector Vq. 

Thus for the time T A , the switching states corresponding to V 3 ,’ V 4 or V 5 (as selected 
from above) is applied to the inverter, for time Tb, switching states corresponding 
to V 6 is applied to the inverter and zero state is applied for the time Tc- There are 
three zero states, the one which requires the minimum switching to come to the zero 
state is selected. 


2.8.1 Method of Simulation 

The circuit is simulated with the same parameters as in section 2.7.1, and three phase 
currents are to be calculated using the differential equations 2.12, 2.13 and 2.14 but 
this requires the knowledge of switching states. The inverter current vector I is 
calculated using equation 2.18 from samples at k th sampling instant. The reference 
currents /*, J 6 *, /* are set as in section 2.7.1 and the reference current vector, I* ef (k+1) 
at the (k+l) t/l sampling instant is calculated using the vector transformation i.e, 
I* e j = I* + a/ 6 * + a 2 1*. The voltage vector V(k) required to force this inverter current 
vector 7 (k) to the reference current vector 7^(k + l) is calculated using the equation 
2.20. The voltage vector V(k) is realized using space vector modulation. Thus the 
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times Ta, T b , T c and the corresponding inverter switching states are generated as 
explained above. These are utilized to solve the differential equations 2.12, 2.13 and 
2.14. 


2.8.2 Results 


Fig. 2.8(a) shows the current in phase ’a’. Fig. 2.8(6) shows the inverter phase volt- 
age, V an . Thus it is seen that both the current and voltage waveforms are smoother, 
as compared to the hysteresis controller and the switching frequency is constant. 
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2.9 Conclusion 

In three level inverter the switches with lower voltage rating can be used as each 
switch has to block the voltage equal to half the dc link voltage. Thus low rating 
and high frequency switches can be used to reduce harmonics. Using the current 
controllers, 3-level voltage source inverter can be made to act as as current source. 
Simulation results given above show that, using either hysteresis controller or space 
vector modulation, the inverter current can be made to follow a 50hz sinusoidal 
reference current. The bandwidth of the inverter depends upon the value of the load 
inductance Li (fig. 2.1). 



Chapter 3 


3-level Inverter As An Active Filter 


3.1 Introduction 

In this chapter a detailed study and simulation of active power filter as a compensator 
for nonlinear loads is is presented. The three level inverter is used as an active power 
filter for nonlinear loads. The reference currents for the active filter are calculated 
using the peak source current estimation [14]. The inverter current is forced to follow 
this reference current using different current controllers. Two controllers, hysteresis 
current controller [15] and predictive current controller [16, 17] are discussed. The 
active filter, with the neutral connected to the ground, is also discussed as the com- 
pensator for unbalanced loads. Both the compensators are simulated for steady state 
and transient conditions to prove the validity of the compensators. 

3.2 Principle of Active Filter 

The basic system for load compensation is shown in fig. 3.1. Active filter consists 
of a voltage source inverter with a dc capacitor. As the load may be non-linear, 
the currents ha, hb and he will contain higher order harmonics in addition to the 
fundamental component. If the source is to provide for these harmonics, the source 
current also becomes non-sinusoidal. The purpose of active filter is to provide the 
necessary currents I C a, Id,, he, to make the source currents I S a, hb, he sinusoidal 
and in phase with the corresponding phase voltages. Thus basically active filter is a 
harmonic generator, which generates the harmonics required by the load. 

The load currents ha, hb, he are sensed and the currents to be supplied by the 
active filter are calculated using an algorithm given in section 3.4.1. These are the 


on 
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3-phase 

source 


Figure 3.1: Basic compensating system. 

reference currents to be generated by the active filter. The active filter is a voltage 
source inverter operated in the current controlled mode. The output currents of the 
active filter are controlled to follow these reference currents, using various controllers. 
Thus with this control structure active filter meets the demand of harmonic and 
reactive power of the load. 

3.3 Active Filter as Compensator for Non-linear Loads 

The 3-level inverter as active filter is shown in fig. 3.2. It consists of a dc capacitor 
instead of the usual battery on the dc side and a large inductor on the ac side. Active 
filter is to supply only for the harmonics and the reactive power demand of load. The 
average power drawn or supplied by the inverter is to be zero, so dc battery is not 
necessary. Only a small capacitor with minimum energy storage is sufficient. 

There are two control loops in the active filter. The inner current control loop 
ensures that the current supplied by the inverter follows the reference current calcu- 
lated from the samples of load current. The dc capacitor voltage is regulated by an 
outer voltage control loop, which ensures the transfer of sufficient real power from the 
ac source to compensate for the inverter losses and to maintain the dc voltage across 
the capacitor equal to a reference value. 

The inverter is modeled by the following differential equations. 

La = - L ^ - RI ca + V a 

at 



(3.1) 
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Figure 3.2: 3-level inverter as an active filter. 


where 


V sb = -L^-RI cb + V bn 
at 

(3.2) 

V sc = - Rhc + V cn 

at 

(3.3) 

C^~ = - (Saha + S b I cb + Schc) /2 

(3.4) 

V sa = Vsm-Sin (ut) 

(3.5) 

f 27T \ 

^6 = Km sin f ut~Yj 

(3.6) 

V 3C = V sm sin f cot + YJ 

(3.7) 


I ca , hb j he are the currents from the inverter, and S a , Sb, S c are the switching 
functions which depends upon the switches S a i, Sbi , S C i Where i = 1, 2, 3, 4. The 
operation of inverter and the switching functions have been defined in detail in section 
2.3. 

The switches in one leg are fired in such a manner that either S a i is on or S a z is 
on and either S a2 is on or S aA is on, thus giving total four conditions. Here we have 
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three voltage level in each leg +v , 0 And -v. 
S a , Sb , S c are defined as in table 3.1 


Table 3.1: The switching logic. 


S a = 1 

if S a iand 5 a2 are on 

s a = o 

if S a 2 and S a3 are on 

P 05 

II 

1 

I— 1 

if and S a 4 are on 

S b = 1 

if S&iand S b2 are on 

s b = 0 

if S b 2 and S b 3 are on 

S b = —1 

if S b 3 and S bi are on 

S c = 1 

if S'ciand S c2 are on 

£ c = 0 

if SAand 5 c3 are on 

S c = -1 

if 5 c3 and S c4 are on 


Van, Vbn, Vcn are the 3-phase PWM voltages reflected on the AC side of the active 
filter and are expressed in terms of the instantaneous dc bus voltages and switching 
function, as given in section 2.4, as follows. 

V m = % (2 S, - S t - S') (3.8) 

V* = ht (-S. + 2 S b - S c ) (3.9) 

V" = % (-S' -S„ + 2 S') (3.10) 

0 

3.4 The Control Circuit 

It is the heart of AF and has three stages. 

1. Sensors for the essential voltages and currents. 

2. Reference current generation - It is the command current which inverter should 
generate so as to make the source current sinusoidal and in phase with the voltage. 

3. The current controller - It should control the current so that the current follows 
the command current. It basically generates the signals for the inverter circuit. 
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3.4.1 Reference Current Generation 

The calculation of the reference current is very important as this is the current which 
has to be supplied by the active filter to make the source current sinusoidal. The 
AC source has to supply only the fundamental component of the load current and 
some additional current which accounts for the losses in the inverter. The additional 
current is required to maintain the capacitor voltage constant under conditions of 
varying load. 


Vsa Vsb Vsc Vsa Vsb Vsc 



Figure 3.3: Block diagram for reference current generation. 


Reference currents are calculated in the time domain with the peak source current 
estimation I sm [14]. It has two component I sm i and I smc - The block diagram is shown 
in fig. 3.3. 

I sml is the peak of the fundamental component of load current and is calculated 
using the average active power of the load. 


Pi — V sa Iia + Vsfc-f/6 + Vgcllc (3-11) 

where I la , I lb , Ii c are the load currents 

The waveform of Pi is averaged over a suitable period of the supply frequency to 
get the average power, P av . The averaging period is dependent on the nature of the 
load. For any balanced linear load the value of Pi is constant. Therefore an averaging 
period of half cycle (10 ms) is adequate. For non-linear loads a smaller value needs 
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to be used. For three phase rectifier load the waveform of power has a 300 Hz ripple, 
Therefore an averaging period of one-sixth of a cycle is used. 

The peak value of source current is given by. 


, _ 2P <™ 

STYll OT/ 

^ v sm 

(3.12) 

Second component I smc , which is the magnitude of the fundamental current ac- 
counting for the losses in the active filter, is calculated using the outer voltage control 
loop. The DC capacitor voltage Vd c is measured and is subtracted from the reference 
voltage Vd c - The error voltage (F d * — Vdc) is fed into the PI controller. The output u 
of the PI controller is also averaged over the same period as that used for calculation 
of the average power, P av . This output signal, u av , is added to the value of P av to 
obtain additional power to compensate losses in the inverter. Thus 

j 2 U av 

Ismc — ot / 

dv sm 

(3.13) 

and total peak source current is. 


Ism, ~ Isml T Ismc 

(3.14) 

For unity power factor source current, the current should be in 
respective voltage. So the reference three phase currents should be. 

phase with the 

t* r ^sa 

^ sa ■'■sm -r r 

v sm 

(3.15) 

r* t ^sb 

1 sb 1 sm- rr 

V sm 

(3.16) 

v sc 

T* T SC 

■I SC j-sm T r 

v sm 

(3.17) 

The three phase A.F. currents are. 


t-T 

1 

<3 

H 

(3.18) 

r a = i,t - 1;„ 

(3.19) 

1 

H 

*4 

(3.20) 
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Now using the current controller the active filter current is forced to track the 
reference current to ensure that the source current is sinusoidal and in phase of the 
source voltage. 


3.4.2 Current Controller 

Function of the current controller, is to give the switching logic to the inverter so 
that the current given by inverter is equal to the reference current. Thus it basically 
generates the switching logic for the three switching functions, S a , Sb, S c . Various 
current controllers have been discussed in literature. Two controller, hysteresis current 
controller and predictive current controller, are discussed here in detail. 


3.4.2. 1 Hysteresis current controller 

Hysteresis current controller is very simple to implement without any complex cal- 
culations, but has a drawback that the switching frequency is not constant and the 
ripple may be high in steady state although it provides fast transient response. 


* 

lea 

lea 

* 

Icb 

Icb 

* 

Icc 

Icc 



To the inverter 
drive ckt. 


Figure 3.4: Hysteresis current controller. 


A typical hysteresis controller is shown in the fig. 3.4. Each controller controls 
the current in each phase. There are three switching level for each leg T, '0' and 
i _ q^he switching logic is simple. A hysteresis window, h w , is created around the 
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reference current, and current error, e a , e b and e c can be defined as e a =I* ca - I ca , 
e b— Idb ~ Icb, €c= lie — he • Now the switching logic for phase ’a’ can be defined as. 

1. If e a > increase the switching function, S a , to the next higher level, i.e. if it 
is ' — 1' switch it to 'O' and if it is 'O' switch it to 

2. If e a < — decreases the switching function, S a , to the next lower level, i.e. if 
it is 'V switch it to '0' and if it is 'O' switch it to ' — V . 

3. If Af >e a > the switching function, S a , is not changed. 

The same logic is applied for switching functions S b and S c in phases ’b’ and ’c’ 
respectively. 


3. 4.2. 2 Predictive Current Controller 

Predictive controller produces smooth current with constant switching frequency. In 
predictive current controller the reference currents at the next sampling instant are 
predicted and the inverter currents are forced to follow these predicted currents. Thus 
the inverter currents become equal to the reference currents in the next sampling 
instant. Reference currents are non-sinusoidal, so these cannot be predicted easily. 
The currents at the next sampling instant are predicted using the samples of currents 
in the previous instants. The controller is shown in the fig. 3.5. The various methods 


«. $ * 
> > > 


Ica(k) 

Icb(k) 

Icc(k) 


Ica(k) 

Icb(k) 

Icc(k) 



To the 
inverter 
drive 
circuit 


Figure 3.5: The predictive controller. 


of predicting the currents are discussed below. 
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1. Predicting the current with a delay of one cycle. - This method can be used 
if the load is constant, i.e. the current waveform is similar in each cycle. The 
samples of currents are taken and used for the next cycle. The current I*(k + 1) 
of the previous cycle is used as I*(k + 1) for the present cycle. This works only 
in steady state, if the current changes in each cycle this cannot be used. 

2. Predicting the currents with a delay of one sampling time. - The reference 
current I*(k ) in the k th sampling instant is known. The inverter current I(k— 1), 
in the previous ( k — l) th sampling instant, is forced to follow the this reference 
current I*(k ) instead of the reference current, I*(k+ 1) in the ( k + l) th sampling 
instant. Thus the inverter current lags the reference current by one sampling 
time T. If rate of change of reference current is high then the inverter current 
will have spikes. 

3. Predicting current using the samples of current in last two sampling instants. 
- The current at ( k + l) th sampling instant is estimated using the samples of 
current at k th and ( k — l) t/l sampling instants. As the sampling time is small 
the current at (k — l) th , (k) th and (k + l) th can be fairly assumed to be in a 
straight line. Thus the current I*(k + 1) can be estimated using I*(k — 1) and 

m 

The control scheme 

In this scheme current vector is controlled using a unique controller instead of three 
controllers. The concept of space voltage vector is used. The inverter voltage vector 
V, source voltage vector V s , inverter current vector I and the reference current vector 
7*, can be defined in terms of respective three phase quantities as follows 


V = ^(V an + aV bn +a 2 V cn ) 

(3.21) 

V a = 2 -(V sa + aV sb + a 2 V sc ) 

(3.22) 

I = — {jca + a ?cb + Ice) 

(3.23) 

I* = ^ ( Ila + a I*b + ° 2 I*c ) 

(3.24) 


where a = e? I . 
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Inverter conduction state is represented by three logic variables, S a , Sb, S c , as 
defined in section 2.3. For the different combination of these three switches there are 
27 operating states and there are 27 voltage space vectors as shown in the table 2.3 
and fig 3.6. 


V10 V9 



Voltage vectors are 
shown by arrows 


Sector numbers are 
shown inside the 
circle 


Figure 3.6: The inverter voltage vector. 

Predictive current controller selects the best combination from these 27 vectors 
so that the voltage of the inverter forces the error current vector, A i = I* — /, zero. 
The current is sampled with the sampling time T. The current vector I is calculated 
and compared with the reference vector I*. The appropriate voltage vector, V is 
calculated that would make the error current vector to zero . 

V(k)=V s (k) + L^^- + RI{k) (3.25) 


or 


V (k) = V. (k) + £ [/> (* + 1) - / (&)] + RI (k) (3.26) 

This calculation is essentially based on the difference between the actual current 
7 ( k ) at k th sampling instant and the reference current vector I* ( k + 1) at the next 
sampling instant. V 3 (k) is the source voltage vector, V (k) is the inverter voltage 
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vector, T is the sampling interval, R and L are the active filter parameters. 

V ( k ) can be expressed in real and imaginary parts. 

fle[F(fc)] = V, c (k) + + 1) - /„(*)] + RI m (K) (3.27) 

IMV(k)) = + 2VJk)\ + + 1) + 21'Jk + 1) - Uk) - 2/ et (t)]+ 

-y=R[I ca (k) + 2Iib{k)] (3.28) 

\V(k) | = y/(RefV(k)])* + (/m[F(fe)]) 2 (3.29) 


LV{k) = arctg[ 


Re[V(k)} 1 


(3.30) 


The voltage vector V (k) lies in one of the sectors as shown in the fig. 3.6. To obtain the 
required vector, the conduction time of the inverter switches are modulated according 
to the amplitude and the angle of V(k). 


a = LV(k)-{n- 1)^ (3.31) 

Where n is the sector number as identified in fig. 3.6 and a is the modulation angle 
shown fig. 3.7. The inverter is switched from one active vector to the other active 
vector with the duty cycle determined by the values of vectors V x and V y . Referring 
the fig. 3.7, V x and V y can be calculated as 


yy ~x/3 


V(k) 


sin a 


(3.32) 


V x 


V(k) 


cos a — 0.5W 


(3.33) 


The vector V(k) can lie in any of the 12 sectors. If it falls in the even numbered 
sector then there are three vectors in the direction of V x and one in the direction of 
V y . And if it falls in the odd numbered sector then there are three vectors in the 
direction of V y and one in the direction of V x . Among these three only one is to be 
selected. 

If vector is in the even numbered sector, for eg. the vector lies in the sector number 
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Figure 3.7: Components voltage vector V(k). 

0 as in fig. 3.7, V x is in the directions of V 3 , V 4 and V 5 , thus only one of these is to 
be selected, and V y is in the direction of V$. V y and V x are calculated from equations 
3.32 and 3.33 respectively. The conduction times Ta (for V 4 or V 5 ), Tb (for Ve) 
and Tc (for zero vector) are calculated as. 




(3.34) 

(3.35) 


T c — T — T a —T b (3.36) 

If T a + T b < T then, either V 3 or % is selected. % and % are equal vectors, so 
the state corresponding to any of them can be selected. But the choice depends upon 
the minimum switching required to move to the vector V 6 . 

If T a +T b >T then % is selected and T a and T c are recalculated 


T a = 



(3.37) 


Tc = T-T a -T b (3.38) 

Thus for the time T A , the switching states corresponding to V 3 , V 4 or V 5 (as selected 
from above) is applied to the inverter, for time T B , switching states corresponding 



CHAPTER 3. 3-LEVEL INVERTER AS AN ACTIVE FILTER 


32 


to Vg is applied to the inverter and zero state is applied for the time Tc- There are 
three zero states, the one which requires the minimum switching to come to the zero 
state is selected. 



Figure 3.8: Components of voltage vector V^fc). 


And If vector is in the odd numbered sector, for eg. vector lies in sector 1 as in 
fig. 3.8 and 3.6, V y is in the directions of V 7) Vg and Vg , thus only one of these is to 
be selected, and V x is in the direction of Vg • V y and V x are calculated from equations 
3.32 and 3.33 respectively. Thus the conduction times T a (for V^) T B (for V 7 , Vg or 
Vg), and Tc (for zero vector) are calculated as. 

(3.39) 

(3.40) 



T c = T — T A —T b (3.41) 

If T a + T b < T then, either 'V^ or Vg is selected. V 7 and Vg are equal vectors, so 
the state corresponding to any of them can be selected. But the choice depends upon 
the minimum switching required to move from the vector Vg. 

If T a + T b > T then Vg is selected and T B and Tc are recalculated 

T b = 4r (3.42) 

Vq 


T c = T — T a - T b 


(3.43) 
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Thus for the time T^, the switching states corresponding to Vg is applied to the 
inverter, for time Tg switching states corresponding to V7, Vg or V9 (as selected from 
above) is applied to the inverter and zero state is applied for the time Tc . There 
are three zero states, one which requires the minimum switching to come to the zero 
state is selected. 


3.5 Simulation results 

The active filter is tested for the balanced three phase thyristor load. The circuit is 
shown in fig. 3.9. Load currents Ii a , /;&, Ii c are calculated by simulating the load 
circuit. The details of this simulation is given in appendix. Load parameters are 
Ri = IOO, Li = .02 H, R c = .lfi, L c = .003# and the source voltage V sm = 230V. 
Now using these load currents, the reference compensator currents, I* a , I* b , I* c for the 
active filter, are calculated as explained in section 3.4.1. Various current controllers 
have been described in section 3.4.2. One of the current controllers is used to generate 
the switching logic for the switching functions S a , Sb, S c and the inverter is fired 
accordingly. The model of the inverter is given by the differential equations 3.1, 
3.2, 3.3 and 3.4. These equations are solved using Runge-Kutta method to get the 
actual compensator currents, I ca , I c b, he, for the switching determined above. This 
process is repeated with a time step of 1.1/isec. The active filter parameters are 
R = .10, L = .02 H, 2 C = 1000 /J.F, V c = 1200V and the stitching frequency f s of the 
inverter switches is kept at 20 Khz. However it is constant at 20 Khz for predictive 
controller but varies for the hysteresis controller with the maximum limit of 20 Khz. 


3.5.1 Performance of Active Filter in Steady State Using Dif- 
ferent Controllers 

Active filter current is controlled using different current controllers. Fig.3.10 to 3.13 
shows, for phase ’a’, (a) load current, (b) compensator current, (c) source current 
with source voltage, (d) source current vector, (e) harmonic spectrum of the source 
and (f) harmonic spectrum load, for the firing angle of 30°, using different controllers. 

• Fig. 3.10 shows waveforms using hysteresis controller. 
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Figure 3.9: Active filter compensating for balanced load. 


• Fig. 3.11 shows waveforms using predictive current controller, by predicting the 
current with a delay of one cycle. 

• Fig. 3.12 shows waveforms using predictive current controller, by predicting the 
current with a delay of one sampling time. 

• Fig. 3.13 shows waveforms using predictive current controller, by predicting the 
current from the last two samples of current. 

From the figs. 3.10 to 3.13 it is seen that the source current is sinusoidal and is in 
phase with the source voltage. The peak of the source current is always less than the 
load current. It can be seen that the current is smoother in all the three predictive 
controllers compared to the hysteresis controller. The advantage of- using predictive 
controller is that the switching frequency is constant. 

Fig. 3.10(f) shows harmonic spectrum of load current, and figs. 3.10(e), 3.11(e), 
3.12(e), and 3.13(e), shows the harmonic spectra of the source current using different 
controllers. Table 3.2 shows TDH and p.f. of load current and source currents using 
different controllers. THD of the source current is 17.56% without any controller, 
which is reduced to less than 1.5% (between 0.53% to 1.47% for different controllers) 
using active filter. P.f. is also improved from 0.67 to nearly 1 in all the cases. 
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Table 3.2: THD and p.f. using various controllers. | 


controller used 

THD in load 

p.f of load 

THD in source 

P.f. of source 

No controller 

17.56% 

0.67 

17.56% 

0.67 

Hysteresis controller 

17.56% 

MEE9H 

0.59% 

0.99 

Predictive controller 1 

17.56% 


0.52% 

0.99 


17.56% 

0.67 

1.42% 


Predictive controller 3 

17.56% 

0.67 

0.86% 



1 with a delay of one cycle 

2 with a delay of one sampling time 

3 with estimation of current using the last two samples of current 


3.5.2 Performance of Active Filter During the Transients 

Active filter is also tested for transient conditions. The firing angle is changed to 60° 
, from 0°, after 0.1 sec. and then again changed to 30° after 0.2 sec. 


• Fig. 3.14 shows current waveforms of phase ’a’ and fig. 3.15 shows the output 
of PI controller and the recovery of DC capacitor voltage during the transients 
using hysteresis controller. 


• Fig. 3.16 shows current waveforms of phase ’a’ and fig. 3.17 shows the output 
of PI controller and the recovery of DC capacitor voltage during the transients 
using predictive controller by predicting the current from the last two samples 
of current. 

For transient conditions the active filter adjusts itself to make the source current 
sinusoidal. As seen in the fig. 3.14(c) and fig. 3.16(c) the source current settles to 
steady state in less than a cycle, thus showing fast transient response of the active 
filter. As firing angle is changed load current changes, so as to settle the source 
current instantaneously the extra energy is supplied or stored by the capacitor, as 
shown by the output of the PI controller in figs.3.15(a) and 3.17(a). Thus capacitor 
voltage rises or falls, and settles to the reference value in about 0.015 sec as shown in 
fig. 3.15(b) and fig. 3.17(b). 

FYom the fig. 3.18 it is clearly seen that for transient loads predictive current 
controller with one sampling delay cannot be used, as the source current settles to 
steady state after a long time, approximately 2 cycles. 























Harmonic order 


Harmonic order 


(e) Harmonic spectrum of source current 


(0 Harmonic spectrum of load current 


Figure 3.10: Simulated results for phase ’a’ using hysteresis controller. 
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Figure 3.11: Simulated results for phase ’a’ by predicting the current with one cycle 
delay. 
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(c) Source current and Source voltage 
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(d) Reference current and actual current vector 
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Harmonic order 
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Figure 3.13: Simulated results for phase ’a’ by predicting the current from the last 
two samples of currents. 
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(a) Load current 




Time (sec) — > 

(c) Source current and source voltage 

Figure 3 . 14 : The transient response of phase ’a’ currents when the load firing angle 
is changed from 0° to 60° and then again to 30°, using hysteresis controller. 
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Time (sec) --> 

(a) Output of PI controller 



1200 h fmmmi 


Time (sec) ~> 

(b) DC capacitor voltage 

Figure 3.15: The transient response when the load firing angle is changed from 0 to 
60° and then again to 30°, using hysteresis controller. 
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Figure 3.16: The transient response of phase ’a’ currents when the load firing angle 
is changed from 0° to 60° and then again to 30° , using predictive controller. 
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> 500 

cd 

P n 


-1000 



Time (sec) — > 

(a) Output of PI controller 


1200 r- 


■ 


Time (sec) — > 

(b) DC capacitor voltage 

Figure 3.17: The transient response when the load firing angle is changed from 0° to 
60 ° and then again to 30 °, using predictive controller. 
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Time (sec) --> 

Source current and source voltage 

Figure 3.18: The transient response of source current when the load firing angle is 
changed from 0° to 60° and then again to 30° , using predictive controller with a delay 

of one cycle. 



Figure 3.19: Active filter for unbalanced loads.. 
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3.6 Active Filter as Compensator for Unbalanced 
Loads 

Loads connected to the source can be unbalanced or they may be connected through 
a neutial wiic. do get the balanced three phase supply currents the active filter is to 
supply this neutral current. Thus the neutral of the inverter is to be grounded. The 
circuit is shown in fig. 3.19. 

As the nodes n and N are grounded, the phase voltages become equal to pole 
voltages as discussed in section 2.5. Thus V an = V aN ,V bn = V bN and V cn = V cN . The 
inverter can be modeled by the following differential equations. 


L« = 

- £ t~ w “ + s * T 

(3.44) 

L 6 = 

-l'Z-ru + Z f 

(3.45) 

v, e = 

t d r , c 

u rUcc i 2 

(3.46) 

- 

Sl ^ 

C-*. ojN 

n 

II 

( S a Ica + Sblcb + SJcc) /2 

(3.47) 


Where S a , S b , S c arc the switching functions as discussed in section 2.3 . 

3.6.1 The control circuit 

Reference currents I* a , I* b and I* c are calculated similarly as in section 3.4.1. The cur- 
rent is controlled using the hysteresis controller described in section 3.4.2.I. Inverter 
phase voltages are depend only on the switching function of their respective phases, 
so the current can be controlled independently in each phases. Predictive controller 
is not used here. The neutral point is grounded, so phase voltages are not balanced 
and there are zero sequence voltages. The model described above (in section 3. 4. 2.2) 
is not defined for zero sequence voltages. Thus while calculating the switching states 
the zero sequence voltages are not taken account and the currents do not follow the 
reference. Predictive controller is applied for the circuit shown in figure 3.21, and 
results are shown in fig. 3.28. Thus it is seen from the fig. 3.28 given in section 3.7, 
that while the current vector follows the reference but the actual three phase currents 
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do not follow their respective references. 

3.6.2 DC Capacitor Voltage Control Loop 

As the loads are unbalanced, it may happen that one of the capacitor gets charged 
and the other gets discharged. The total voltage will be constant as the voltage con- 
trol loop is there. So to get rid of this unbalance a chopper circuit is used as shown 

in the fig. 3.20. 



Figure 3.20: DC capacitor voltage balanced circuit. 


The charging and discharging can be controlled by the duty cycle of the switches 
Si and S’>. Thus the energy can be transfered from one capacitor to the other through 
an inductor. As the voltage of a capacitor rises its corresponding switch is switched 
on to discharge its energy to the other capacitor through the inductor. As the voltage 
of the upper capacitor rises above the set reference Si is switched on, so the energy 
from the capacitor is discharged to inductor through switch Si. And as the voltage 
level falls below the set level the switch S x is turned off and the energy stored in in- 
ductor now charges the lower capacitor through the diode D 2 . Thus by controlling the 
switch St the charge of the upper capacitor can be transfered to the lower capacitor. 
Similarly if the voltage level of the lower capacitor rises above the set reference S 2 is 
turned on and it charges the inductor in the opposite direction. As S 2 is turned off 
inductor charges the upper capacitor through the upped diode D v Thus maintains 

the voltage of both the capacitors. 
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3.7 Simulation Results 

The active filter is tested for three types of unbalanced loads. 

Case 1 

Balanced thiee phase controlled rectifier, with unbalanced three phase R load, each 
connected to ground. The circuit is shown in fig. 3.21. Various load parameters are, 
Ri = 20, Li = .02 H, R c = .10, L c = ,003iJ, for controlled rectifier and Ri a = 20, 

R ib = 50, R u . = 30 for three phase resistive load. 



Case 2 

Balanced three phase controlled rectifier, with full wave bridge diode rectifier con- 
nected to phase ’a’ through ground. The circuit is shown in fig. 3.22. Various load 
parameters are Ri = 15, Li = .02 H, R c = .10, L c = .003 H, for controlled rectifier 
and R f = 200, L f = .02 H, R cf = .010, L cf = -0035 H for full wave rectifier. 



CHAPTER 3. 3-LEVEL INVERTER AS AN ACTIVE FILTER 



Case 3 

Balanced three phase controlled rectifier, with half wave diode rectifier, supplying 
a R-L load, connected to phase ’a’ through ground. The circuit is shown in fig. 
3.23. Various load parameters are Ri = 20, Li = .02#, R c = .10,, L c = .003 H, for 
controlled rectifier and R a k = 300, L a/l = .02# for half wave rectifier. 



Figure 3.23: Circuit for case 3. 
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Case 4 

The circuit shown in fig 3.21 is also simulated using predictive current controller. 


3.7.1 Simulation Method 

Load circuit is simulated as described in appendix, and load currents ha, Lb, he are 
calculated solving various differential equations of the load circuit given in the ap- 
pendix. Using these load currents, reference compensator currents I* a , I * b , I* c for 
active filter are calculated as explained in section 3.4.1. Hysteresis current controller, 
as described in section 3.4.2. 1, is used to generate the switching logic for the switching 
functions S a , S b , S c and the inverter is fired accordingly. The model of the inverter 
is given by the differential equations 3.44, 3.45, 3.46 and 3.47. These equations are 
solved using Runge-Kutta method to get the actual compensator currents, I ca , Lb, 
I cc , for the switching determined above. This process is repeated with a time step of 
1.1// sec. Active filter parameters are R = .1U, L = .02 H, 2 C = 1000//F, Vfc = 1200V, 
and maximum frequency f max is limited to 20 Kkz. 


3.7.2 Performance of Filter in Steady State 

Active filter is tested for all the above cases, with firing angle of thyristor bridge to 
be 30°. 


Case 1 


Respective source voltages, load currents, compensator currents and source currents 
for the phases ’a’, ’b’ and ’c’ are shown in fig. 3.24(a),(b),(c); fig 3.24(d),(e),(f); fig 
3.24(g), (h),(i); fig 3.24(j),(k),(l). Thus it is seen from the figure that however the 
load current is non-sinusoidal and unbalanced in each phases but the source current 
is, sinusoidal, balanced and in phase with its respective voltages. Table 3.3 shows the 
THD of load currents and the source current. Table also shows the power factor of 
load and source. Thus as seen from the table, using the active filter the THD of the 
source current is reduced and the power factor is improved. 
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Table 3.3: THD and p.f for case 1. 


Current 

THD 



RF 

load current of phase ’a’, I la 

14.86 % 

0.91 

load current of phase ’a’, I lb 

19.33 % 

0.84 

load current of phase ’a’, I lc 

17.03 % 

0.88 

Source current 

0.29% 

0.99 


Case 2 


Respective source voltages, load currents, compensator currents and source currents 
for the phases ’a’, ’b’ and V are shown in fig 3.25(a), (b),(c); fig 3.25(a), (b),(c); fig 
3.25(a),(b),(c); fig 3.25(a),(b),(c). Thus it is seen from the figure that however the 
load current is non-sinusoidal and unbalanced in each phases but the source current 
is, sinusoidal, balanced and in phase with its respective voltage. Table 3.4 shows the 
THD of load currents and the source current. Table also shows the power factor of 
load and source. Thus as seen from the table, using the active filter the THD of the 
source current is reduced and the power factor is improved. 


Table 3.4: THD and p.i 

for case 2. 

Current 

THD 

RF 

load current of phase ’a’, I; a 

14.99 % 

0.8231 

load current of phase ’a’, 1^ 

20.24 % 

0.71 

load current of phase ’a’, J/ c 

20.24 % 

0.71 

Source current 

1.14% 

0.99 


Case 3 


Respective source voltages, load currents, compensator currents and source currents 
for the phases ’a’, ’b’ and ’c’ are shown in fig 3.26(a), (b),(c); fig 3.26(a), (b),(c); fig 
3.26(a),(b),(c); fig 3.26(a), (b),(c). Thus it is seen from the figure that however. the 
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load current is non-sinusoidal and unbalanced in each phases but the source current 
is, sinusoidal, balanced and in phase with its respective voltage. Table 3.5 shows the 
THD of load currents and the source current. Table also shows the power factor of 
load and source. Thus as seen from the table, using the active filter the THD of the 
source current is reduced and the power factor is improved. In this case the load 
current in phase ’a’ also contains the dc value which is equal to 2.4 amps. 


Table 3.5: THD and p.f. for case 3 


Current 

THD 

P.F 

load current of phase ’a’, I ia 

20.42 % 

0.794p 

load current of phase ’a’, In, 

22.42 % 

0.74 •* 

load current of phase ’a’, 7/ c 

22.42 % 

0.74 - 

Source current 

1.56% 

0.99 <| 


■f* 4 \ ( >! ' 


3 r> 

t, L 


. : V O 

A, tlVV* 1 '' V, 


It is seen that the load current also contain DC value of 2.4 Amps. Thus due 
to this dc value one of the capacitor gets charged and the other gets discharged. So 
using the capacitor balance loop a described in section 3.6.2 the voltages of capaci- 
tors are regulated. Figs. 3. 27(a), (b) and (c), show the capacitor voltages when the 
control loop is not used, thus it is seen that however the total voltage is approxi- 
mately constant but the voltages of individual capacitors rises or decreases. Fig S 
3. 27(d), (e) and (f) show the capacitor voltages when the control loop is used. Thus 
it shows that the voltages of both the capacitor is within a limited peak to peak ripple 


Case 4 


Figure 3.28 shows the (a) reference current and (b) actual current for phase ’a’. This 
figure also shows (c) reference current vector and (d) actual current vector. Thus 
is is clear from the figure 3.28 that while the actual current vector follows reference 
current vector but the actual current in phases do not follow their reference. Thus 
for unbalanced loads predictive current controller cannot be used. 
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Figure 3.24: Simulated waveforms for easel. 
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001 0.02 0.03 
Time (sec) --> 

► Phase ’a’ source voltage 



0 01 0.02 0.03 

Tune (sec) -> 

(b) Phase ’b’ source voltage 


0.01 0 02 0 03 

Time (sec) -> 

(c) Phase ’c’ source voltage 



Time (sec) --> 

(d) Phase ’a’ load current 


Tune (sec) --> 

(e) Phase ’b’ load current 


Tune (sec) -» 

(f) Phase ’c’ load current 



2 0.03 0.04 0 0 01 0 02 

Time (sec) --> Time (sec) --> 

(g) Phase ’a’ compensator current (h) Phase ’b’ compensator current 


Tune (sec) -> 

(i) Phase V compensator current 



0.02 0 03 

Time (sec) --> 


0.02 

Time (sec) --> 


(j) Phase "a* source current 


(k) Phase ’b’ source current 


0.01 002 0.03 0 0 - 

Time (sec) -> 

(1) Phase V source current 


Figure 3.25: Simulated waveforms for case2. 
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0,01 0,02 0.03 

Time (see) ->. 

(j) Phase ’a’ source current 


0 01 0.02 0.03 C 

Time (see) 

(k) Phase ’b’ source current 


- 15 ^ 
o.w o 


0.01 002 0.03 

Time (sec) ->. 

(1) Phase ’c’ source current 


Figure 3.26: Simulated waveforms for case3. 
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Time (sec) — > Time (sec) --> 

(a) Vdcl without capacitor voltage control loop (d) Vdcl with capacitor control voltage loop 



(b) Vdc2 without capacitor voltage control loop 





Time (sec) ~> 

(c) Vdc without capacitor voltage control loop (0 Vdc with capacitor voltage control loop 

Figure 3.27: Capacitor voltage with and without capacitor voltage balance loop. 




Amps — > , Amps - 
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(a) The reference current for phase ’a’ 



(c)The reference current vector 



(b) Phase ’a’ actual current 



Figure 3.28: Currents using predictive controller. 
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3.T.3 Performance of Filter During the Transient Conditions 

Active filter is simulated for transients also. Load firing angle is changed to 60°, from 
0°, after 0.1 sec. and then again changed to 30° after 0.2 sec. The waveforms for all 
the three cases are shown. 

Case 1 

The (a) load current, (b) compensator current and (c) source current with the source 
voltage for all the three phases are shown in fig. 3.29, 3.30 and 3.31. It is seen from 
the figs. 3.29(c), 3.30(c), 3.31(c) that source current is always in phase with the 
source voltage during the transients also. The source current settles to the steady 
state in less than one cycle. 

The capacitor voltages, shown in fig. 3.32, Vdd and Vdc 2 are constant within the 
peak to peak ripple. During the transients the voltages rises or falls accordingly and 
settle to the reference within one cycle. 

Case 2 

The (a) load current, (b) compensator current and (c) source current with the source 
voltage for all the three phases are shown in fig. 3.33, 3.34 and 3.35. It is seen from 
the figs. 3.33(c), 3.34(c), 3.35(c) that source current is always in phase with the 
source voltage even during the transients. The source current settles to the steady 
state in about one and a half cycle. 

The capacitor voltages, shown in fig. 3.36, Vd& and Vd C 2 are constant within the 
peak to peak ripple. During the transients the voltages rises or falls accordingly and 
settle to the reference within two cycles. 

Case 3 

The (a) load current, (b) compensator current and (c) source current with the source 
voltage for all the three phases are shown in fig. 3.37, 3.38 and 3.39. It is seen from 
the figs. 3.37(c), 3.38(c), 3.39(c) that source current is always in phase with the 
source voltage. The source current settles to the steady state within two cycles. 

The capacitor voltages, shown in fig 3.40, V dc i and V dC 2 are constant within the 
peak to peak ripple. During the transients the voltages rises or falls accordingly and 
settle to the reference within two and a half cycle. 
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(a) Load current 



(b) Compensator current 



(c) Source current with source voltage 
Figure 3.30: Phase ’b’ currents during transients for case 1. 
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Time (sec) — .> 

(a) Vdcl Voltage of upper capacitor 



Time (sec) — .> 

(b) vdc2 Voltage of lower capacitor 



Time (sec) --■> 

(c) Vdc Total capacitor voltage 
Figure 3.32: Capacitor voltages during the transients for case 1. 
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(c) Source current with source voltage 
Figure 3.33: Phase ’a’ currents during the transients for case 2 
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(a) Vdcl Voltage of upper capacitor 



Time (sec) — > 

(b) Vdc2 Voltage of lower capacitor 



Figure 3.36: Capacitor voltages during the transients for case 2. 
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Time (sec )— > 

(a) Load current 


Time (sec )— > 

(b) Compensator Current 


Time (sec )— > 

(c) Source current with source voltage 
Figure 3.37: Phase ’a’ currents during the transients for case 3 
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Time (sec) — > 

(a) Load current 


Time (sec) --> 

(b) Compensator current 


Time (sec) --> 

(c) Source current with source voltage 


Figure 3.38: Phase ’b’ currents during the transients for case 3 
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(c) Source current with source voltage 


Figure 3.39: Phase V currents during the transients for case 3. 
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(a) Vdcl voltage of upper capacitor 



(b) Vdc2 Voltage of lower capacitor 



Time (sec) — > 

(c) Vdc Total capacitor voltage 
Figure 3.40: Capacitor voltages during the transients for case 3. 
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3.8 Conclusion 

The proposed active filter works for both steady state and transient conditions. It 
adjusts itself to make the source current sinusoidal. The filter proposed in section 3.3 
has a disadvantage that it cannot compensate for unbalanced loads. So the active 
filter with neutral connected to the ground is proposed in section 3.6. This filter is 
able to compensate for unbalance loads, and makes the source current distortion free. 

Prom the simulation results following conclusions can be made. 

1. Source current is sinusoidal and always in phase with the source voltage. 

2. The peak of the source current is less than the load current in all the cases. 

3. For balanced loads the active filter, without the grounded neutral, can be used 
with predictive controller to make the source current smooth and the switching 
frequency constant. 

4. The active filter, with neutral grounded, is capable of compensating any type 
of unbalance in the load. In this case predictive controller cannot be used as 
it is not capable of computing zero sequence current. The hysteresis controller 
must be employed in this case. 

5. The dc capacitor voltage control loop is used to balance the unbalanced voltage 
of each capacitor in the dc link. 



Chapter 4 

Conclusion And Recommendation For 
Further Work 

4.1 Conclusion 

In this thesis the operation of an active filter using 3-level voltage source inverter has 
been studied. The entire system has been modeled using differential equations and its 
operation has been studied for various types of loads. The hysteresis controller and 
controller using space vector modulation have been employed. The steady state and 
transient of the system have been studied. The following conclusions can be made 
from the simulation results in chapter 2 and 3. 

1. The 3-level inverter can be made to act as current source using hysteresis con- 
troller or predictive controller. 

2. Hysteresis controller is simple to implement without any large calculations. On 
the other hand the implementation of predictive controller depends on large 
calculations but the switching frequency is constant. 

3. The predictive controller, using space vector modulation fails to work for un- 
balance loads. In this method, the required voltage vector is predicted from 
the system model. Reverse transformation is used to determine the time du- 
rations for individual inverter states. This step cannot account for the zero 
sequence components in the phase voltages. Therefore while the current vector 
is correctly tracked the individual currents do not follow their references. 
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4. The harmonic correction is done in time domain, thus the response of filter is 
fast correction is obtained within one cycle. 

5. The active filter is able to compensate for reactive power of load and the source 
current is sinusoidal and always in phase with the source voltage even during 
transients. 

6. The usual dc capacitor voltage control loop fails to correct any unbalance in the 
voltages of individual capacitors due to unbalances in load. To overcome this 
problem a chopper circuit has been proposed. It is shown that with the addi- 
tion of this circuit capacitor voltages can be balanced even when load current 
contains dc component. 

7. During the transients the dc capacitor supplies or stores the energy to instan- 
taneously adjust the source current for any change in the load current. 

8. The active filter simulated for different types of loads, gave satisfactory results. 

4.2 Recommendation for Further Work 

1. A higher level (eg. 5-level) inverter can be used, as an active filter, instead of 
3-level inverter to obtain better performance. 

2. The 3-level inverter can be studied in detail for the harmonic contents in the 
voltage and current. 

3. The predictive controller, using space vector modulation can be modified to 
compensate unbalanced loads correctly. 

4. The active filter is simulated assuming ideal switches, a detailed analysis can 
be done with non-ideal switches. 

5. Performance of the system, when a combination of passive and active filters is 
used, can be studied. 
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Appendix A 

Simulation Of Various Load Circuits 


The various load circuits simulated in chapter 3 are. 


Three Phase Thyristor Load 

The load circuit is shown in the fig. A.l. It can be modeled by the differential 
equation 

L l d ^ + Rn dc = V rn -V m (A.l) 

where V rn and V sn depends on the pair of thyristors conducting. V rn , is the voltage 
of the phase which is connected to the point V, similarly V sn is the voltage of the 
phase connected to the point ’s’. Similarly the current also depends on the pair of 
thyristors conducting. 



Figure A.l: Source supplying the thyristor load. 


If T x and T 6 are conducting at a time, then phase ’a ’ is connected to point V and 


77 



APPENDIX A. SIMULATION OF VARIOUS LOAD CIRCUITS 


78 


phase ’c’ is connected to point ’s’. Thus V rn and V sn can be calculated as, 




(A.2) 

V, n = V, c -L c ^-R c i lc 


(A.3) 

where V 3a and V sc are the source voltages and it a = idc, iib — 0 and ii c 
During the commutation the equations for V rn and V sn are changed. 
Ti, T 3 is fired. So the current from phase ’a’ is transfered to phase ’b’. 
current transfer the equations for ii a and iw are given by, 

= idc- 
Now after 
During the 

V rn = V sa -L c ^-R c i la 


(A.4) 

V rn = V sb -L c ^-R c ii b 


(A.5) 

adding equations A.4 and A.5 and using ii a + ii b = idc- 



■r r V s a + V sb Lcdidc Rc^dc 

Krn "2 2 dt 2 


(A.6) 

V 3n remains the same as equation A. 3. Thus substituting V rn and V sn from equa- 
tions A.2, A.3, A.6 (as the case may be) in equation A.l and solving this differential 
equation load current idc is calculated. During the commutation interval, V rn can be 
calculated from equation A.6. Then equations A.4 and A.5 can be used to solve for 


i ia and i ib - 


Resistive Load 


The load circuit is shown in the fig. A.2. The respective load currents can be calcu- 
lated by the following equations 

< A - 7 > 

Ilia 
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Vsa Ila Rla 



Figure A. 2: Source supplying three phase unbalanced resistive load. 


Single Phase Full Wave Rectifier Load 

The load circuit is shown in the fig. A.3. The rectifier load is connected to phase ’a’. 
The circuit can be modeled by the following differential equation. 




(A.10) 



Figure A.3: Source supplying the full wave diode rectifier load. 

If Di and D 4 are conducting then 

Vi = V, a - U ^ - HA ( A - n ) 

and i la = idc- 

If D 2 and D 3 are conducting then 

= "La + + Rdia ( A - 12 ) 


and ii a = . . ., 

Thus substituting Vi from equation A.ll or A.12 (as the case may be) in the 

equation A.10 and solving this differential equation i* is calculated. Thus can be 
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calculated. 

Single Phase Half Wave Rectifier Load 

The load circuit is shown in the fig. A.4. The rectifier load is connected to phase ’a’. 
The circuit can be modeled by the following differential equation. 

L h ~^ + R h iia = V dc (A.13) 

at 

Vsa Ila D Lh Rh 


Figure A.4: Source supplying the half wave rectifier load. 

If diode D is conducting then V dc = V sa . 

If diode D is not conducting then V dc = 0. 

Thus solving equation A.13, ii a can be calculated. 
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